Abstract. Jieyu chufan (JYCF) is a well-known Chinese traditional medicine used for depression; however, the molecular mechanism underlying its anti-depressant action has remained elusive. In the present study, the anti-depressant effects of JYCF and the potential mechanisms were investigated in a mouse model. Five groups of 12 C57BL/6 mice each were used in the study, including a normal control group (NC group), a model control group (MC group) and three groups, which received different doses of JYCF (1.25, 2.5 and 5 g/kg) orally for 21 days (JYCF groups). The MC group and the three JYCF groups were subjected to 3 weeks of unpredictable chronic mild stress (UCMS) to induce depression-like behavior. All groups were subjected to a sucrose consumption test along with a forced swimming test to confirm depression-like behavior, an open-field test and an elevated plus maze test to confirm anxiety-like behavior, and a Morris water maze test to evaluate spatial learning and memory. In addition, synaptic density in the hippocampus was evaluated and western blot and immunostaining were used to analyze hippocampal expression of postsynaptic density protein-95 (PSD95), synaptophysin (Syn), cyclic adenosine monophosphate response element binding protein (CREB), brain-derived neurotrophic factor (BDNF), Akt and glycogen synthase kinase (GSK)-3β as well as their phosphorylated (p) versions. The results showed that JYCF (2.5 and 5 g/kg) alleviated depressive-like behaviors and increased synaptic density in UCMS mice. Moreover, JYCF upregulated the expression of PSD95, Syn and BDNF and increased phosphorylated Akt, CREB and GSK-3β in the hippocampus. These results suggested that JYCF exerts an anti-depressant-like activity in UCMS-induced mice, which is likely to be mediated by reversing the stress-induced disruption of BDNF and GSK-3β activity.
Introduction
Depression is a common psychiatric disorder characterized by a persistent low mood, feeling of helplessness and suicidal tendencies, which causes enormous personal suffering and economic loss, as well as sluggish thought patterns and cognitive function (1) . As the underlying mechanisms of depression are relatively complex and are not explicit, currently available treatments continue to have significant limitations, including low response rates and frequent remission, treatment resistance, severe adverse effects and a delayed clinical response (weeks to months) (2) . Therefore, it is important to probe and develop more effective anti-depressant medications. It has been reported that depression is associated with neuronal atrophy and loss, including reduction in the number of spine synapses, one of the key points of connection between neurons (3). The leading hypothesis on depression suggests that neuronal plasticity and impaired synaptic function are critical for mediating behavioral responses to anti-depressants (4, 5) . Studies have indicated that the impairment of synaptic plasticity in the hippocampus may be a core factor in the pathophysiology of depression (6, 7) .
Brain-derived neurotrophic factor (BDNF) is the key regulator of neuronal plasticity and strongly influences synaptogenesis, spine formation, neuronal survival and adult hippocampal neurogenesis (8) (9) (10) . There is growing evidence that links BDNF to depression; post-mortem analyses of depressive patients have found a reduction of BDNF in brain and serum (11, 12) . Decreased BDNF mRNA expression in the hippocampus contributes to depression-like behavior in rats (13) , while brain infusion of BDNF in animals produced anti-depressant-like effects (14) . The glycogen synthase kinase-3 (GSK-3) pathway is thought to have a principal role in long-term depression and long-term potentiation in the hippocampus (15) . In addition, studies including behavioral assessments indicated that GSK-3β dysregulation promotes mood disorders (16) . The classical mood stabilizer lithium is a
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HUI ZHAO [1] [2] [3] [4] , BINGYU LIANG 2,5 , LINJIE YU [1] [2] [3] [4] and YUN XU direct inhibitor of GSK-3 (17) . Pre-clinical studies on animal models have shown anti-depressant-like effects of GSK-3β inhibitors (18, 19) . These results suggested that regulating the stimulation of BDNF and suppression of GSK-3β may be a potential approach for treating depression. Traditional Chinese Medicine is gaining attention for its mild nature, its tendency to maintain an individual balance and its multiple target effect (20) . Jieyu chufan capsules (JYCF) consist of four Chinese herbs: Gardenia jasminoides Ellis (Zhi-Zi), Forsythia suspensa Vahl (Lian-Qiao), Cortex Magnolia officinalis (Hou-Pu) and rhizoma Pinelliae ternatae (Ban-Xia). They are a novel Chinese herbal medicine for the treatment of depression. The JYCF formula is derived from the zhi-zi-hou-pu and ban-xia-hou-pu decoctions. The first description of these two decoctions was recorded in Shan-han-lun and Jin-gui-yao-lue written by Zhang Zhongjing during the Han Dynasty (150-219 A.D.) and they have historically been used to relieve depression symptoms, anxiety disorders, obsessive-compulsive disorders and hysteria (21) (22) (23) . Gardenia jasminoides Ellis is the major active ingredient of JYCF, but the molecular mechanism underlying these decoctions has remained elusive.
In the present study, the anti-depressant effects of JYCF were first assessed in a mouse model of unpredictable chronic mild stress (UCMS)-induced depression. Evidence was provided that JYCF suppressed the impairment of synaptic density by regulating BDNF and GSK-3β activity, suggesting that JYCF may potentially be developed into a drug for the treatment of depression.
Materials and methods
Ethics statement. All animal care and experimental procedures complied with the National Institute of Health Guidelines for the Care and Use of Laboratory Animals. All procedures that involved animals were in compliance with the European Community Council Directive of November 24, 1986 and approval was granted by the Ethics Committee of Nanjing Drum Tower Hospital (Nanjing, China; permission no. 2014-085-01). All surgical procedures were performed under sodium pentobarbital anesthesia and all efforts were made to reduce suffering.
Animals and groups.
A total of 60 healthy adult female C57BL/6 mice (age, 4-5 weeks; weight, 18-21 g), were provided by the Animal Experiment Center of Nanjing Drum Tower Hospital (the Affiliated Hospital of Nanjing University Medical School; Nanjing, China). The animals were kept in the laboratory (5 per cage) for 2 weeks prior to experimentation, with free access to food and water. The animal room had a temperature of 23±1.5˚C with 50% relative humidity and a 12-h light/dark cycle (light on from 7:00 am to 7:00 pm). The behavioral experiments were performed during the light phase. Mice were randomly divided into five groups with 12 mice in each group including: Normal control group (NC group), model control group (MC group), JYCF 1.25 g/kg group, JYCF 2.5 g crude drug/kg group and JYCF 5 g crude drug/kg group (JYCF groups).
Drugs and reagents. JYCF powder was provided by Shijiazhuang Yiling Pharmaceutical Factory (Shijiazhuang, China). All medicinal components of JYCF were ground to superfine (≤10 µm) powder by a micronizer and prepared as 0.38-g capsules. The NC and MC groups received no medication, while JYCF was administered at 1.25, 2.5 or 5 g/kg to the three JYCF groups. The outer coating of the capsule was removed, the drugs were dissolved in distilled water and intragastrically administered at 10 ml/kg. At the same time, mice in the NC and MC groups were given 10 ml/kg distilled water. JYCF or water was administered 1 h prior to each behavioral test to avoid potential stress induced by gavage. Administration was continuous during the entire three weeks.
Establishment of the UCMS model. The UCMS model was established following a modified Willner's method (24, 25) . Mice of the NC group were treated normally, while mice in the other four groups were subjected to UCMS daily between 11:00 am and 12:00 pm for 3 successive weeks.
Mice were housed individually in cages and exposed to the following stressors: Food or water deprivation (24 h), damp sawdust (12 h), forced swimming in cold water (4˚C) for 4 min, tail suspension (5 min), inversion of light/dark cycle (24 h), cage tilting (45˚C, 12 h) and tail nipping (10 times for 5 sec per time). To prevent familiarization and provide an unpredictable feature, all stressors were randomly scheduled over a 1-week period and repeated throughout the 3-week experiment.
Sucrose preference test. The sucrose preference test was used for evaluating depression-like behavior and was performed as described in previous studies (26, 27) . Prior to the test, all mice were given a free choice between two bottles-one with 1% sucrose solution and another with tap water-over 24 h. To prevent potential location preference, the position of the bottles was changed after 12 h. Mice were deprived of food and water for 24 h prior to the test. Bottles were weighed prior to each test and then re-weighed one hour later. The sucrose intake was measured by comparing the weight of the bottles prior to and after the test.
Forced swimming test.
A forced swimming test was used for evaluating depression-like behavior. A modified protocol was used as described by Porsolt et al (28) . In brief, 30 min after JYCF injection, mice were forced to individually swim in a glass cylinder (diameter, 13 cm; height, 19 cm) filled with water (25±1˚C) at a depth of 10 cm. The water was changed after each trial. All animals were forced to swim for 5 min and the immobility time (including passive swimming) during the test was recorded. Immobilization and passive swimming were defined as the mouse floating in the water without struggling, making only those movements necessary to keep its head above the water. Observers were blinded to grouping of mice.
Open field test.
An open field test was used for evaluating emotional and ambulatory behavior. Apparatus and methods used were similar to those previously described (29) . Mice were placed individually in the dark in a wooden box (100x100x40 cm) with the floor divided into 25 (5x5) squares. The apparatus was illuminated with a red bulb (50 W) on the ceiling. In each test, mice were placed in the central area and allowed to explore freely for 5 min. During the test time, the number of crossings (squares crossed with all paws) and rearings (raising of front paws) was recorded. The open field arena was thoroughly cleaned between tests. The observers were blinded to the treatment of the mice.
Elevated plus maze test. The elevated plus maze test was used for evaluating anxiety-associated behavior (30) . The apparatus consisted of two opposing open arms (45x10 cm) and two closed arms (45x10x38 cm) that extend from a central platform (10x10 cm), elevated 50 cm above the floor. During testing, the mice were placed individually on the central platform facing the open arms of the maze and allowed to explore the maze for 5 min. Behavior was monitored using a video camera and analyzed with a computerized tracking system (Ethovision 3.1.16; Noldus IT, Wageningen, The Netherlands). Time spent in the open and closed arms (and their edges) was recorded. The anxiety level was measured by the time spent in the open arm. The observer was blinded to group classification to avoid bias.
Morris water maze (MWM) test.
The MWM test was used for evaluating spatial learning and memory and was performed as previously described (31) . In brief, during the acquisition phase trials (days 1-5), mice were allowed to stay on the platform for 5 sec if they were able to find it within 60 sec. If they could not, 60 sec was regarded as the escape latency and mice were allowed to remain on the platform for 20 sec to memorize the platform location. During the probe trial phase, after removing the platform, mice were allowed to swim for 60 sec for two tests. The test was performed in four training trials per day for six consecutive days. All movements were recorded by a computerized video system (ANY-maze; Stoelting, Wood Dale, IL, USA). In order to exclude the influence of artificial factors, the MWM test was performed by two observers who were blinded to the group assignments of the mice.
Tissue preparation. After behavioral tests, mice were deeply anesthetized with intraperitoneal injection of sodium pentobarbital (50 mg/kg body weight). Bilateral hippocampi were rapidly dissected and homogenized in lysis buffer (Beyotime Institute of Biotechnology, Inc., Haimen, China), centrifuged at 12,000 x g for 30 min at 4˚C and the supernatants were collected for western blot assay. Whole mouse brains were removed, washed with 1 X phosphate-buffered saline and prepared for Golgi silver staining. no. 3160-1; 1:500 dilution). Subsequently, membranes were treated with horseradish peroxidase-conjugated secondary antibodies (Bioworld Technology, Inc.; cat. no. bs13278; 1:5,000 dilution) and incubated for 2 h at room temperature. The blots were visualized with chemiluminescence reagents using an ECL kit (Bioworld Technology, Inc.). Optical density of the bands was determined using Quantity One Software (4.62; Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Golgi staining. Golgi staining was performed following the manufacturer's instructions (FD Rapid GolgiStain Kit; FD NEurotexhnologies, Inc., Ellicott City, MD, USA). In brief, whole brains were impregnated with silver solution for 2 weeks and then sectioned at 100 µm on a cryostat. Sections were mounted on adhesive microscope slides and air-dried at room temperature in the dark. For synaptic density quantification, the number of synapses was counted along dendritic segments of equivalent length from the CA1 region of the hippocampi.
Statistical analysis. All statistical analysis was performed using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). Values are expressed as the mean ± standard error of the mean. Differences between mean values were evaluated using one-way analysis of variance with post-hoc tests. P<0.05 was considered to indicate a statistically significant difference.
Results
Effects of JYCF on body weight. Fig. 1 shows the body weight in the five groups during the experimental period. After week 1, there were no significant differences between the five groups (P>0.05). After 6 weeks, the body weight in the MC group was significantly lower than that in the NC group (P<0.01) and in the 5 g/kg JYCF group (P<0.05).
JYCF affects depression-like behavior in UCMS mice. Fig. 2A shows that the sucrose preference rate in the MC group was lower than that in the NC group (P<0.01). Compared with the MC group, after regular treatment with JYCF, the sucrose intake rates in UCMS-exposed mice were all increased (P<0.01). Fig. 2B shows the results of the forced swimming tests. Compared with the NC group, the total immobilized time in the MC group was significantly longer compared with that in the other groups (P<0.05). After regular treatment with JYCF, the total immobilized time in the UCMS-exposed mice was significantly reduced (1.25 g/kg, P<0.01; 2.5 and 5 g/kg, P<0.05). Fig. 3 shows the results of the open-field test. Compared with the NC group, the number of square crossings and rearings in the MC group was significantly decreased, which was significantly inhibited by treatment with 2.5 and 5 g/kg JYCF (P<0.05). However, there were no differences in the number of square crossings and rearings between the MC group and the 1.25 g/kg JYCF group (P>0.05; Fig. 3A and B) . Fig. 4 shows the results of the elevated plus maze test. Compared with those in the NC group, mice in the MC group spent significantly less time in the open arm and more time in the closed arm, which was reversed by treatment with JYCF at 2.5 and 5 g/kg (P<0.05; Fig. 4A and B) . The number of entries in the open arms in the MC group was also significantly decreased compared with that in the NC group, which was reversed by JYCF at all of the concentrations tested (P<0.05; Fig. 4C ). The number of total entries was not significantly different between the five groups (Fig. 4D) . Fig. 5 shows the results of the MWM test. During the acquisition phase trials (days 1-5), the mean escape latency and search distance of MC mice was significantly increased compared with that in the NC group (P<0.05). However, compared with the MC group, mice in all JYCF groups showed a significant improvement in escape latency during the 5-days training period, and the distance in the 5 g/kg JYCF group was decreased during the 5-day training period (P<0.05; Fig. 5A and B) . During the probe trial, the number of platform crossings in the MC group was lower than that in the NC group and MC mice spent significantly less time in the target quadrant, which was significantly improved by JYCF at 5 g/kg (P<0.05; Fig. 5C and D) .
JYCF affects anxiety-like behavior in UCMS mice.

JYCF affects spatial learning and memory in UCMS mice.
JYCF increases the synaptic density in the brains of UCMS mice. As shown in Fig. 6 , synaptic density in the hippocampal neurons of MC mice was significantly decreased after 6 weeks of UCMS (P<0.01). Compared with the MC group, treatment with 2.5 and 5 g/kg JYCF significantly increased the synaptic density in the hippocampal neurons of UCMS-treated mice (P<0.01), while increases in the 1.25 g/kg JYCF group were not statistically significant (P>0.05).
JYCF increases the expression of synapsis-associated proteins.
To further determine whether JYCF affected synapsis-associated proteins, the levels of PSD-95, Syn, BDNF and p-CREB were investigated. As shown in Fig. 7 , exposure to UCMS for 6 weeks caused a significant decrease in the levels of these proteins in the hippocampi of MC mice as compared to those in the NC group, which was significantly reversed by treatment with JYCF (2.5 and 5 g/kg).
JYCF increases p-Akt and p-GSK-3β.
To elucidate the mechanism of JYCF in ameliorating the impairment of synaptic function, GSK-3β signaling pathways, which contribute to neuroplasticity, were studied. As shown in Fig. 8 , significant decreases of p-Akt (P<0.05) and p-GSK-3β (P<0.05) were observed in the hippocampi of mice in the MC and NC groups. Statistical analysis revealed that, compared with that in the MC group, JYCF treatment at 2.5 g/kg or 5 g/kg significantly increased the ratios of p-Akt/AKT and p-GSK-3β/GSK-3β compared with the MC group (P<0.05).
Discussion
The present study indicated, for the first time, to the best of our knowledge, that JYCF produced robust anti-depressant effects in a rodent depression model and that the underlying mechanism of this neuroprotection may be the upregulation of BDNF and p-GSK-3β.
In the present study, administration of JYCF for 3 weeks increased the body weight of mice receiving UCMS. The preference for sucrose solution gradually recovered and other behavioral tests, such as the forced swimming, open field, plus maze and MWM test showed that regular daily administration of JYCF substantially ameliorated behavioral deficits of mice subjected to UCMS. These results suggested that JYCF may be developed as a novel anti-depressant.
In spite of the vast number of studies on depression, the current understanding of the precise neurobiological pathogenic mechanisms is limited. Morphometric magnetic resonance imaging studies have reported a decrease in hippocampal volume in depression patients (32) . Studies on the longitudinal course of late-life depression showed that hippocampal atrophy is associated with the severity of depression (33, 34) . Studies in animal models of depression found that chronic stress produces atrophy and dendritic arborization of the CA3 pyramidal neuron (35) . Depression or stress strongly reduce the hippocampal potential for plasticity (36) . An experiment using an animal model of depression also showed that electroconvulsive shock enhances neurogenesis in the hippocampus, decreases neuronal synapses and increases dendritic spine density in various cortical and limbic structures (37) .
Studies on depression and anti-depressive therapies have revealed that hippocampal neurogenesis has a key role, and certain anti-depressants block or reverse neuronal deficits in the prefrontal cortex and the hippocampus (38) . Other studies found that depression reduces neuronal plasticity and impairs synaptic function, which may be an important target of pharmacological intervention (39) . The anti-psychotic drug Lurasidone has shown to be effective in a CMS model through the modulation of synaptic and neuroplastic proteins and PSD-95 (40) . UCMS diminished the sucrose preference and reduced measures of locomotor activity in mice and decreased the expression of Syn in the hippocampal CA3 region, while electroconvulsive stimulation improved these depressive behaviors and increased the mean density of Syn (41) .
In the present study, synaptic density and neurogenesis of pyramidal neurons was decreased in mice subjected to UCMS, while JYCF administration reversed these changes and increased synaptic density and neurogenesis. Moreover, JYCF administration upregulated the expression of PSD-95 and Syn in the hippocampi of the UCMS mice, suggesting that JYCF modulates synaptic and neuroplastic proteins.
The results of the present study demonstrated that JYCF upregulated the protein levels of BDNF in the hippocampus of UCMS mice. BDNF knockout mice displayed depression-like behavior and the genetic defect regarding BDNF inhibited the effects of anti-depressants in mice exposed to UCMS (42) . The interaction between CREB and BDNF is important in signal transduction and has an essential role in the concept of altered neuroplasticity in depression. The increase in p-CREB was significantly associated with clinical improvement in patients treated with anti-depressants or psychotherapy (43) . A previous study found that the activity of CREB in peripheral blood of depression patients is increased (44) . The present study showed that, the p-CREB was decreased in the MC group and treatment with JYCF was able to increase the expression of p-CREB in UCMS mice, which may be helpful in ameliorating depression.
Studies on depression-like behaviors in rodents have provided evidence that dysregulation of GSK-3 causes increased activity in specific pathways and promotes susceptibility to mood disorders (16) . GSK3 was originally identified as a key enzyme of glucose metabolism and as a broadly influential enzyme that regulates a large group of transcription factors and transcriptional modulators (45) . GSK-3β, the isoform of GSK-3, is important in numerous intracellular signaling pathways of neuroplasticity (46) . Overexpression of GSK-3β in the hippocampi of UCMS-treated mice shows a pre-depression-like behavior (47) . Moreover, in CMS-treated mice or depressive patients, the expression of GSK-3β has been found to be significantly elevated and after treatment with GSK-3β inhibitors, and the depressive behavior was reversed (48, 49) . In addition, it was reported that the phosphorylation of Akt and GSK-3β is a direct regulator of cell survival (50) , and modulation of the activity of AKT and GSK-3 signaling may contribute to specific therapeutic effects for depression (51) . In platelets of depressive patients, decreased phosphorylation of GSK-3β and increased GSK-3β activity were observed (52) . The present study demonstrated decreased p-GSK-3β expression levels in UCMS and regular administration of JYCF increased the expression levels of phosphorylated Akt and GSK-3β and alleviated depression-like behaviors.
The present study revealed the antidepressant-like activity of JYCF in a chronic mild stress model and the anti-depressant-like properties mainly resulted from the modulation of synaptic structure and function and the mechanisms may be associated with the upregulation of BDNF and p-GSK-3β activity. The findings contributed to the understanding of the pathological effects of synaptic dysfunction in the depressive brain and suggest that JYCF may be used as a neuroprotective agent against depression.
